PSC and CCA
Among the different cancer types complicating PSC, CCA is the most relevant, in terms of epidemiological burden, with a lifetime risk of around 7-14% and prognosis with a 5-year survival <10% [2] . In sharp contrast with HCC development in liver cirrhosis, risk of CCA in PSC is not dependent upon the duration of the disease, as CCA may often develop within the first year from PSC diagnosis [2] . CCA arising in PSC affects younger subjects than CCA without PSC [4, 5] and specific risk factors, such as a long history of IBD [6] and an excessive alcohol intake [7] , have been variably described, though not confirmed in other studies [8] . Noteworthy, CCA does not appear to complicate the 'small duct' PSC variant [9] .
When managing a patient with CCA, regardless of the liver background, a major clinical problem is the late diagnosis, since CCA is often diagnosed at a stage precluding curative surgical approaches. The presence of PSC is a further challenging issue because the disease can either mimic or hide CCA. Thus, in the setting of PSC, early diagnosis of CCA is even more difficult, especially in the case of dominant strictures in which neoplastic and benign lesions are morphologically similar at radiological studies ( fig. 1 ) . In a large series of PSC patients undergoing surgery for presumed CCA, a benign disease was diagnosed in 24% [10] . On the other hand, in PSC patients undergoing liver transplantation, CCA was not recognized until laparotomy in up to 27% of cases [6] . Moreover, the phenotype of CCA associated to PSC is more commonly the infiltrating desmoplastic ductal type rather than the intrahepatic mass-forming focal lesion [5] , thus making its recognition more difficult by cross-sectional imaging studies [11] . PSC-associated CCA localized to the extrahepatic portion of the biliary tree are uncommon (<10%) [11] . Magnetic resonance imaging (MRI) coupled with magnetic resonance cholangiography is generally considered the first-line investigation for the detection of CCA [12] , while ultrasound (US) examination seems to have better accuracy in discriminating CCA from underlying PSC [13] . Therefore, diagnosis of CCA in PSC often requires a combination of imaging studies performed when clinical deterioration (worsening of jaundice, weight loss and abdominal pain) suddenly develops, even though at this stage the disease may be advanced [5, 13] .
To improve PSC surveillance and early diagnosis of CCA, assessment of serological biomarkers has been widely proposed. Among them, the most extensively studied is CA19-9. In a study on 208 patients with PSC, CA19-9 serum levels were generally higher in patients with CCA than in patients without CCA, and a cut-off level of 129 U/ml was identified [14] . However, a recent study showed that PSC-related CCA had lower CA19-9 levels than CCA without PSC (median 51 vs. 150 U/ml) [5] . Moreover, significant, though transient, increases in CA19-9 serum levels may frequently occur during acute biliary infections not rarely complicating PSC, and up to 37% of PSC patients with CA19-9 levels higher than 129 U/ml do not have CCA [15] . Recent data showed that allelic variants of fucosyltransferases 2 and 3 (FUT2/3), enzymes critically involved in surface glycoprotein synthesis, could also influence serum levels of CA19-9 [16] . Furthermore, 7-10% of the general population do not express CA19-9 and cannot take advantage of this test [17] .
Conventional cytology of biliary brushing obtained with ERCP is extremely specific for CCA diagnosis (97%), but its sensitivity is quite low -around 43% [18] . In fact, the strong desmoplastic reaction typically featuring PSCassociated CCA may lead to unsuitable cytological specimens. Moreover, recurrent acute cholangitis may increase the likelihood of false positive results [19] . Therefore, new procedures such as digital image analysis and fluorescence in situ hybridization (FISH) have been investigated to increase CCA detectability in cases of negative conventional cytology [20] . In particular, FISH is helpful because it may identify chromosomal abnormalities associated with a higher risk of CCA, such as aneuploidy and polisomy [21] . When polisomy is detected, surgical approach for CCA is recommended [22] . However, FISH sensitivity and specificity are still far away from providing an accurate prediction of CCA (about 70%) [20] . Furthermore, these tests cannot be routinely performed in a large scale, because of their high costs, and the small subsets of patients, who can potentially benefit from them. Overall, these data highlight the concept that there is an urgent need to identify new strategies to improve the early detection of CCA in PSC. 18 F-fluoro-deoxyglucose ( 18 F-FDG) positron emission tomography/computerized tomography scan is a promising tool for discriminating CCA from benign lesions in patients with dominant strictures: a high tissue uptake index (SUVmax/liver ≥ 3.3) is able to identify CCA with high sensitivity and specificity (both around 90%), while an index <2.4 excludes CCA [23] . However, a potential limitation of its diagnostic abilities in early PSCassociated CCA is the occurrence of false positivity in areas with ongoing inflammation.
The current uncertainty in the diagnostic abilities of CCA in PSC makes the choice of the best treatment approach quite difficult. Results with surgical resection have been disappointing in terms of postoperative morbidity and mortality (with a 5-year survival rate <30% including cases with negative resection margins), even when liver function is preserved and portal hypertension has not developed yet [24] . Therefore, liver transplantation (LT) preceded by neoadjuvant chemoradiotherapy is currently considered the best approach for CCA in PSC when localized to the hepatic parenchyma or to the hilum. LT seems to be much more effective than surgical resection in PSC patients, with a 5-year survival of up to 80% ( table 1 ) [25] . Although performed only in selected cases, these results are very similar to those reported for LT in HCC [26] . Unfortunately, LT is available only for a small subgroup of patients and in highly specialized centers. Some authors have suggested prophylactic LT for patients with PSC, but as most of them will not develop CCA, preemptive LT is ethically not justified, at least in geographic areas with shortage of donors. Because the sequence inflammation-metaplasia-dysplasia-cancer leads to CCA in PSC [27, 28] , LT has been proposed for patients with high-grade dysplasia (HGD) in brush cytology [28] . Notably, HGD may involve multiple segments of the biliary tree and associate with CCA in liver parenchyma. However, dysplasia detection on brush cytology is not a rare finding in PSC, especially in patients with advanced disease, and it can regress with resolution of acute infection; therefore, its management remains controversial. According to the European Association for the Study of the Liver Guidelines, LT may be considered a reasonable option in patients with HGD [29] , but stronger evidences are needed to better support this approach in clinical practice.
Currently, there are no well-validated surveillance protocols for CCA in PSC patients because of the lack of longitudinal studies proving the benefit of cost-effectiveness of screening strategies [30] . Therefore, the concept that the current approaches of screening may be actually effective in prolonging patient survival is a matter of debate [31] . Despite these limitations, noninvasive imaging studies, usually MRI with MR cholangiopancreatography (MRCP), complemented by serological CA19-9 assessment at annual intervals may be recommended [7, 22] . In particular, careful surveillance is pivotal in PSC patients listed for LT for end-stage disease, since detecting CCA can drastically modify the therapeutic approach. Most centers are now applying integrated strategies, usually CA19-9 serum levels and MRI/MRCP or ERCP with brushing cytology combined to MRI [32] . In the next few years, 18 F-FDG positron emission tomography might provide an additional and important tool for the pretransplant screening, given its superiority to conventional radiology in the early detection of CCA [33] .
PSC and GBC
Gallbladder abnormalities are a frequent finding in PSC, observed in about 40% of cases. Among them, risk of GBC deserves specific attention. Although most of the gallbladder lesions are benign, including stones, in a large study performed in 286 PSC patients, the overall prevalence of gallbladder mass lesions was 6%, with more than a half resulting to be malignant [34] . Conversely, GBC were <10% of all gallbladder lesions in non-PSC patients [35] . In PSCassociated GBC, no significant association with gender, bacterial cholangitis and biliary cirrhosis was found [34] . As for CCA complicating PSC, even for GBC, dysplasia may be regarded as a pre-malignant lesion promoted by chronic inflammatory changes. Indeed, in a study on 72 resected gallbladders from PSC patients, 14% harbored adenocarcinoma and among them, focal areas with low-grade dysplasia (LGD) and HGD were found in 100% of cases, while intestinal metaplasia was present in 90% [36] .
Similarly to CCA, PSC-associated GBC tends to affect younger individuals (<60 years) than GBC not associated to PSC, and it carries a dismal prognosis. For these reasons, careful surveillance with an annual US examination is recommended [30] . Unfortunately, US findings are not accurate enough to differentiate between benign and malignant lesions: discrepancies between pre-operative US and histological analysis after cholecystectomy were reported in 63% of cases [37] . Therefore, diagnostic performance of other US-based examinations, such as endoscopy US and contrast enhanced US have been evaluated in GBC. In particular, endoscopy US is useful to discriminate polyps from cholesterol deposits along the gallbladder wall, given its strong ability in identifying aggregated echogenic spots; however, it must be underlined that gallbladder lesions without a similar pattern do not necessarily relate to malignancy [38, 39] . Indications for cholecystectomy are still hotly debated: although cholecystectomy is currently recommended in all gallbladder lesions detected in PSC, regardless of their size, it is important to note that very few worrisome gallbladder lesions diagnosed as adenocarcinoma, <1 cm have been described so far in PSC patients [40] . Moreover, given the high surgical risk of PSC patients, and the unlikelihood of polyps >1 cm to be malignant, a more prudent strategy with systematic surveillance of lesions <0.8 cm could be reasonable when liver function is impaired [22] .
PSC and CRC
PSC is associated with IBD in approximately 70% of patients, with some variability among geographical areas [43] . This association is more strict for ulcerative colitis (UC) (8% of UC subjects have concurrent PSC) than for Crohn's disease (CD) (1-3%) [44, 45] . Early studies showed that patients with UC and PSC (PSC/UC) had a 4-fold increased risk for colorectal dysplasia and carcinoma compared with patients with UC alone and a 10-fold higher risk than the general population [46] . The cumulative incidence of CRC in PSC/UC subjects steadily increases with time of colitis, from 8-10% after 10 years to 20-30% after 20 years, much higher than that reported in UC alone (2 and 5%, respectively). A similar time-dependent increase is described for colon dysplasia, being 15% after 10 years and 30% after 20 years [8, 47] . In PSC patients, CRC association is classically considered to be stronger with UC than with CD. However, a few recent studies have generated some controversy on this issue. In a retrospective study focusing on PSC association to colonic CD, including 35 patients with PSC with CD (PSC/ CD) and 114 patients with CD without PSC, an increased risk of dysplasia or CRC was not found in PSC/CD [48] . However, the reduced number of patients with PSC/CD may explain the lack of association with CRC in this series. Surprisingly, a population-based Swedish study did not confirm PSC as an independent risk factor for CRC in IBD. In a cohort of 299 patients with PSC diagnosed from 1992 to 2005, PSC or PSC with concurrent IBD were not associated with a higher incidence of CRC and dysplasia compared with the general population. The lowered incidence of CRC in this cohort was partly explained as a result of a better management of IBD and, probably, of a more timely diagnosis of IBD in PSC [49] . A larger population-based Dutch study including 590 patients with PSC with a median follow-up of 7 years, on the other hand, showed a 10-fold increased risk of CRC in PSC/ IBD (mainly UC) as compared to IBD alone. Interestingly, in PSC/IBD patients, CRC developed at a much younger age (39 years) than in IBD alone (59 years) [50] .
A number of caveats have to be borne in mind to improve the detectability of CRC in PSC patients ( table 2 ) . The phenotype of IBD in PSC is characterized by a milder clinical course despite a higher incidence of pancolitis (>90%) than in IBD alone, and a more frequent involvement of the right hemicolon proximal to the splenic flexure [51, 52] . Furthermore, in PSC patients, IBD can have a minimal endoscopic activity in spite of relevant inflammatory changes at mucosal histology that may contribute to an increased risk of CRC. This is a crucial element, given the propensity of CRC arising in IBD to originate from flat and non-polypoid dysplastic lesions, and to be multifocal, likely reflecting diffuse pro-oncogenic effects of colonic mucosal inflammation. In addition, some specific manifestations of PSC, such as the development of dominant strictures, seem to correlate with an increased broad risk of malignancy, including CRC in patients with PSC/IBD [53] ( table 2 ) .
Taken together, all these observations support the American Association for the Study of Liver Diseases surveillance recommendations to perform annual colonoscopy (rather than sigmoidoscopy) with systematic histological sampling throughout the colon, starting immediately with the initial diagnosis of PSC in subjects with known IBD, and a 5-year endoscopic follow-up in patients with PSC alone [30] . Moreover, careful cancer screening must be stringent in patients with PSC/IBD and dominant strictures [54] . Colonoscopy surveillance has been shown to be effective in improving outcome related to CRC mortality in PSC/IBD patients [50] .
However, a critical issue of colonoscopy-based surveillance is that biopsies provide only limited information, because only a small tissue sample of the entire colon can be examined. An emerging alternative to improve detection abilities of CRC and dysplasia is the use of chromoendoscopy. Chromoendoscopy should be particularly useful in PSC/IBD patients with indefinite dysplasia or LGD, not yet eligible for colectomy, to identify flat lesions amenable to endoscopic mucosectomy, thereby avoiding the risk of surgery when liver function is compromised [52] .
Notably, LT significantly increased the risk of developing CRC in patients with PSC/IBD, approximately by 10 times when compared with all patients undergoing LT and up to 20 times with respect to the general population [55, 56] . PSC/IBD patients have an increased risk of CRC after LT when compared with PSC/IBD without LT (OR 4.4). On the basis of these data, some authors propose preemptive proctocolectomy in PSC/UC patients before undergoing LT. However, 5-year survival of patients who underwent proctocolectomy before LT did not differ from the survival of PSC/UC patients transplanted with an intact colon (86% for both group) [22, 57] . Thus, although the risk of developing CRC is increased, this is not sufficient by itself to justify a preemptive proctocolectomy in PSC/UC patients who are candidate to LT.
Conversely, evidence of HGD and unresectable LGD in histologic specimens is a strong pointer to proctocolectomy. In fact, the risk of developing synchronous sites of dysplasia is higher in patients with PSC/IBD than in patients with IBD alone [58] . Therefore, as dysplasia might preclude adequate surveillance strategies, proctocolectomy should be recommended in PSC/UC patients with HGD and unresectable LGD [52] . However, since multifocal LGD showed a significant association with carcinoma progression in PSC/UC patients, proctocolectomy has been proposed even for this group of patients [59] .
Whether drug treatments usually performed in PSC/ IBD may exert some chemopreventive effects on CRC development is a controversial issue. A protective role of ursodeoxycholic acid (UDCA) has been suggested, although data are conflicting, with some studies showing variable benefit [60, 61] and other reporting no significant effects [62] . A recent meta-analysis on 8 studies evaluating 177 CRC in 763 patients with PSC/IBD, showed a significant protective effect of UDCA on the risk of developing both CRC and dysplasia (OR 0.35). By subgrouping, a stronger protective effect was found with UDCA at low doses (8-15 mg/kg/day; OR 0.19) [63] . In contrast, a nested cohort study demonstrated an increased risk of CRC and dysplasia (hazard ratio 4.4) associated with high doses of UDCA (28-30 mg/kg/day) compared with a placebo group [64] . Whereas American Association for the Study of Liver Diseases recommends against the use of UDCA in all PSC patients, including PSC/IBD, European Association for the Study of the Liver recommends UDCA in high-risk groups as those with a strong family history of CRC, previous evidence of colorectal dysplasia or long lasting extensive colitis [29] . Similarly, mesalazine alone or in combination with UDCA, has been reported to play a chemoprophylactic role in PSC/UC [60] . However, a Swedish study performed in 143 patients with UC showed that in PSC/UC patients, the risk of CRC or dysplasia remains increased compared with UC without PSC, regardless of sulfasalazine treatment [65] .
PSC and Other Malignancies
Incidence of HCC in PSC does not seem to be increased, irrespective of its progression to cirrhosis [66, 67] . In contrast, an increased risk for pancreatic cancer has been reported in PSC, though discrimination from extrahepatic CCA of the common bile duct, though rare in PSC, can be difficult [3] .
Understanding the Mechanisms of Malignant Transformation in PSC: Clues from Epithelial-Mesenchymal Interactions
Although PSC may classically be regarded as a disease paradigmatic of the sequence of events leading from a chronic inflammatory epithelial damage to a neoplastic transformation, mechanisms regulating this progression are hitherto largely uncertain. The pathognomonic histological lesion of PSC, featuring a dense accumulation of fibroblasts with progressive matrix deposition closely around the bile duct, suggests that cell interactions between the epithelial and the mesenchymal compartments are strongly involved in these mechanisms ( fig. 2 ) . Local production of pro-inflammatory cytokines, mainly IL-6, nitric oxide (NO) and reactive nitrogen and oxygen species and consequent stimulation of proliferation with accumulation of DNA damage is likely the main pathogenetic event leading to the transformation of cholangiocytes [68] . Inducible NO synthase (iNOS or NOS2) is significantly upregulated in the biliary epithelium of patients with PSC, as a result of pro-inflammatory cytokines, such as TNF-α, released within the inflammatory microenvironment [69] . Once transformed, neoplastic cholangiocyte gains in turn the ability to release a range of soluble mediators (growth factors, cytokines and chemokines), which induce a stromal reaction favoring fundamental pro-invasive functions of CCA. Recent data from our laboratory indicate platelet-derived growth factor (PDGF)-D as a critical mediator of tumor-stroma interactions in CCA. PDGF-D secreted by tumoral cholangiocytes stimulate recruitment of cancer-associated fibroblasts [70] and endow them with a range of secretory functions, including vascular endothelial growth factor-C, promoting lymphangiogenesis, a pivotal route of CCA invasiveness [71] . We have also preliminary evidence showing that NO donors stimulated PDGF-D secretion by cultured human cholangiocytes [ Fabris L , Strazzabosco M , unpublished observations ] . Overall, these data point toward a central role of PDGF-D, linking NO effects on malignant transformation with generation of a stromal reaction favoring the lymphatic spread.
As discussed earlier, an intriguing feature of PSC is that its pro-oncogenic effects may extend to the colon when associated to IBD. Bile acids might play a relevant role in the pathogenesis of CRC in PSC/UC, given their proliferative effects on intestinal epithelial cells; the protective effects on CRC development exerted by UDCA as shown by some studies may be a consequence of its effects on the bile acids pool [61, 72] . A recent study has proposed the tumor suppressor gene p53, which is frequently mutated in CCA, as putative player of the higher susceptibility of CRC in PSC/UC patients [73] . In this study, p53 was overexpressed in the intestinal mucosa of PSC/UC patients compared with UC without PSC, even in the absence of dysplasia, thus suggesting that PSC might play a direct oncogenic role in UC-associated colorectal carcinogenesis, regardless of the mucosal inflammatory activity. This study may be an example of how identification of pro-oncogenic signatures may be helpful in selecting patients with higher risk of malignancy, who may thus benefit from closer endoscopic followup or more radical approaches (i.e. LT or proctocolectomy).
Conclusions
PSC classically represents a disease model of the oncogenic effects exerted by chronic inflammation, which drives the progression of a persistent epithelial damage to malignant transformation. However, comprehension of the specific mechanisms regulating this pathogenetic sequence remains limited. Consequently, uncertainties on the strategies of disease surveillance and cancer prevention and treatment make difficult the clinical management of PSC. Understanding the molecular mechanisms at the basis of carcinogenesis in PSC might provide important clues for facing this 'sword of Damocles' pending throughout the course of the disease. 
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